In Fe pnictide (Pn) superconducting materials, neither Mn-nor Cr-doping to the Fe site induces superconductivity, even though hole carriers are generated. This is in strong contrast with the superconductivity appearing when holes are introduced by alkali metal substitution on the insulating blocking layers. We investigate in detail the effects of Mn doping on magneto-transport properties in Ba(Fe 1−x Mn x As) 2 for elucidating the intrinsic reason. The negative Hall coefficient for x = 0 estimated in the low magnetic field (B) regime gradually increases as x increases, and its sign changes to a positive one at x = 0.020. Hall resistivities as well as simultaneous interpretation using the magnetoconductivity tensor including both longitudinal and transverse transport components clarify that minority holes with high mobility are generated by the Mn doping via spin density wave (SDW) transition at low temperatures, while original majority electrons and holes residing in the parabolic-like Fermi surfaces (FSs) of the semimetallic Ba(FeAs) 2 are negligibly affected.
I. INTRODUCTION
In high temperature superconducting (HTS) materials, elemental substitutions induce many intriguing changes in physical properties. In HTS-cuprates, an elemental substitution to an insulating blocking layer provides additional mobile carriers in the Mott insulating CuO 2 plane, resulting in the well-known high temperature superconductivity [1] . To be contrast with the substitution effect on the insulating blocking layer, doping of both nonmagnetic and magnetic impurities to the conducting CuO 2 layer strongly suppresses the superconductivity via the unconventional superconducting mechanism [2, 3], resulting in magnetism [4] and carrier localization [5] . On the other hand, in HTS Fe-pnictides (FePns), although elemental substitution to the insulating blocking layer induces the high temperature superconductivity [6] [7] [8] [9] , the substitution effects on the Fe-Pn conducting layers are quite complex due to the Fe-3d multiband nature. The transition metal (TM) doping on the Fe site by Co, Ni, Rh, Pd, and Pt, located at the right position of Fe in the periodic table, suppresses the colinear-type spin density wave (SDW) and induces superconductivity [10] [11] [12] [13] . A rigid band like upper shift of the chemical potential observed by angle resolved photo emission spectroscopy (ARPES) [14] [15] [16] gives an evidence of electron doping to the FeAs layer. Further extended studies on the phase diagram proposed that the superconducting transition temperature (T c ) well scales both with the structural and the magnetic transition temperatures (T S and T N , respectively) in the underdoped region and with the number of extra electrons added by the TM doping in the overdoped region of the superconducting dome [17] . On the other hand, recent PES studies on Ba(Fe 1−x M x As) 2 (M = Ni, Cu) demonstrated that the number of electrons does not monotonically increase with extra d-electrons introduced per Fe/TM site [18] . In the case of TMs located at the left of Fe, doping of either Mn or Cr does not induce any superconductivity [19] and instead stabilizes the checkerboard-like magnetic order [20] . A clear sign change of the R H by Mn and Cr substitution indicated a fact that holes are doped [19, 21] , while nuclear magnetic resonance (NMR), neutron scattering, photoemission spectroscopy (PES) and x-ray absorption spectroscopy (XAS) demonstrated the localization of Mn 3d states [20, 22, 23] . Theoretically, it was predicted that the short range Néel fluctuations induced by Mn or Cr suppresses the S ± superconducting states [24] . Although the Mn or Cr may suppress the the S ± superconducting states, the carrier doping effect of Mn or Cr doping on the Fe-Pn conducting 3 layer are still controversial. Since pure hole doping to the Fe-Pn layers should produce superconductivity [8] , the sign change in R H for non-superconducting Ba(Fe 1−x M x As) 2 (M = Mn, Cr) is important for understanding the role of the TM doping on the superconducting phase diagram of HTS FePns.
In this paper, we show the emergence of the minority holes with high mobility based on the detailed analyses of electrical transport in Ba(Fe 1−x Mn x As) 2 . Importantly, minority holes with high mobility are shown to newly emerge in addition to the majority carriers with relatively low mobility. Simultaneous analyses of both longitudinal and transverse magnetoconductivities (σ xx and σ xy , respectively) consistently show the emergence of minority holes with high mobility, in addition to the majority electrons and holes with low mobility residing in the parabolic bands that were reported in the parent compound as well. Since the Mn 3d states are nearly localized in Ba(Fe 1−x Mn x As) 2 [20, 22, 23] , it is likely that the minority holes are generated by the Mn doping with keeping the original semimetallic band structure of Ba(FeAs) 2 [21] . Present results demonstrate the considerable large contribution of the minority carriers with high mobility to the magneto-transport properties for having the true understanding of the TM doping in the electronic phase diagram of HTS FePns.
II. EXPERIMENTAL DETAILS
Single crystals of Ba(Fe 1−x Mn x As) 2 with x = 0, 0.007, 0.016, 0.020, 0.035 were grown by a flux method using FeAs [25] . Synchrotron X-ray diffraction measurements (SPring8 BL02B2) and Rietveld refinements (by GSAS and its graphical user interface EXPGUI [26] ) were performed to check the quality of the single crystals. Temperature dependencies of electrical resistivity(ρ) were also measured to deduce the T N s. The first derivative of a normalized resistivity curve (d(ρ/ρ 300K )/dT ) showed a clear inflection point at T N , being consistent with the previous reports [21, 25] . The Mn concentration x was determined using the x dependence of T N for Ba(Fe 1−x Mn x As) 2 previously reported [25] . Both in-plane transverse magnetoresistance (R M ) and R H were measured using a four-probe method for B ≤ 18 T at various temperatures between 2 and 180 K. In the semiclassical transport theory, the R H under low B is described as [27] ,
where µ i and n i are the carrier mobility and the carrier density of the i-th band, respectively.
a i takes the value of +1 for hole and -1 for electron. In the semimetallic electronic structures such as FePns, the electron and hole compensation for low µ bands significantly suppresses the absolute value of R H . Moreover, carriers with high µ give a significant contribution to R H . Therefore, R H at low B is significantly influenced by the minority carriers with high mobility, while at high B it is dominated by the majority carriers with low mobility. residing behind the present experimental data. Consequently, a reasonable interpretation to explain the two extreme limits of B in the ρ yx behavior for x = 0.020 is given as follows: In electric transport, the minority holes with high mobility are gradually pronounced with an increase in x in the presence of the majority FSs as a background, and this scenario is also consistent with the gradual increase in ρ yx with an increase in x at low temperatures.
It can be found from the detailed Hall resistivity of Ba(Fe 1−x Mn x As) 2 in the present study that Mn doping generates minority holes with high mobility in addition to the majority FSs, giving a large influence on R H . Since previous reports indicated localization of the Mn 3d states [20, 22, 23] , Mn doping is considered to provide merely a small influence on both the majority electron and hole FSs composed of the original d-orbitals of Ba(FeAs) 2 .
When all discussions described so far are taken into consideration, the following scenario for the electronic structure of Ba(Fe 1−x Mn x As) 2 can be given: The Mn doping generates the minority holes with high mobility instead of the minority electrons with high mobility in Ba(FeAs) 2 [28] . The carrier number of the majority electron and the hole FSs hold almost constant when Mn is doped into the Fe site, but these contributions to the electric transport become apparent due to the significant contribution in electric transport by the minority holes with high mobility newly appearing as temperature is lowered.
B. Simultaneous multicarrier analysis for longitudinal and transverse magnetoconductivity in Ba(Fe 1−x Mn x As) 2
In order to confirm the electronic structure deduced from the Hall resistivity studies, here we carried out the analyses of the magnetoconductivity. fitting functions X and Y can be written as [29] ,
where t ≡ lnB, m j ≡ −lnµ j and f j ≡ ±eN j µ j /σ xx (0) (positive for hole and negative for electron). Here, e, N j , and µ j denote the electron charge, the carrier density, and the carrier mobility of the j-th band, respectively. Since the same parameters are commonly used in the two formulae, we must fit both conductivities simultaneously to obtain the solution from . Moreover, the Mn 3d states are localized [20, 22, 23] and the colinear-type SDW phase is conserved below x = 0.10 [31] . Accordingly, it is reasonable to employ a four-carrier model for the present analysis of the magneto-conductivity [28, 30] .
The predominant contribution in semimetallic electronic structure of the present compounds results from the large electron and hole FSs (conventional parabolic bands). In the analyses, however, two additional small FSs (Dirac cones) to give the minority carriers should be taken into account. The latter two types minority carriers give nonnegligible contributions to the electric transport due to their much higher mobility. As shown in Fig. 5 (a) and (b), both X and Y curves for x = 0.020 were successfully reproduced using four types of carrier bands ( X j and Y j (j = 1, 2, 3, 4)) in the range of B=0 to 18 T. It should be noted that the simultaneous multicarrier fitting using less than four carrier types with originating from the quantum limit of the Dirac cone [21, 33] hinders us to achieve a better fitting, which may be one of reasons for the small errors between the ρ xx /ρ xx (0) data and the fitting curves.
The fitting parameters are displayed in Table I Table I , the conclusion that the minority holes with high mobility is necessary to reproduce the X and Y experimental data is not altered. The simultaneous fitting of the magnetoconductivity data in the framework of semiclassical description showed that the Mn doping generates minority holes with high carrier mobility in Ba(Fe 1−x Mn x As) 2 via SDW transition. In the SDW state of Ba(FeAs) 2 , tiny electron-like Dirac pockets were theoretically predicted and also experimentally confirmed by various experiments [28, 30, [32] [33] [34] . Such Dirac cone states are robust for both nonmagnetic and magnetic impurity [21, [35] [36] [37] [38] , being different from those existing in topological insulators, and consequently the colinear type SDW phase also survives up to x = 0.10.
Therefore, one might expect that hole doping in the electron-like Dirac cone in the parent compound can be realized. In this case, the minority holes with high mobility may appear as a consequence of generation of hole-like Dirac cones in the SDW Ba(Fe 1−x Mn x As) 2 states by preserving the original majority electron and hole FSs. Since the carrier mobility of the majority electrons and holes in the conventional parabolic bands are suppressed by the backward scatterings of Mn, the minority Dirac pockets protected by the π-Berry phase will
give rise to significant contributions in the electrical transport, being consistent with the present observations. Another scenario is that the enhancement of the FS anisotropy. In Ba(FeAs) 2 , the electron FS including both convex and concave parts was theoretically and experimentally pointed out [30, 39] . In this case, the cyclotron motion of the electrons at the concave part can induce a hole-like contribution [40] and it was actually demonstrated by the mobility spectrum analyses [28] . The recent report on in-plane electrical resistivity of the detwined Ba(Fe 1−x Mn x As) 2 revealed that the Mn doping increases the anisotropy of the in-plane resistivity [41] . Therefore, it is also possible that the Mn doping enhances the FS anisotropy (presumably for the tiny electron-like Dirac pocket) in Ba(Fe 1−x Mn x As) 2 , resulting in the emergence of the minority holes with high mobility.
V. CONCLUSION
We showed the emergence of the minority holes with the high mobility on the magneto- 
